Here, we investigate whether neurons in the primary that these errors are predicted by activity in area V1.
Introduction appears that consists of two curves and two red circles ( Figure 1A) . One of the curves connects the fixation point Visual perception is the result of an interaction between to one of the circles and will be called "target curve." signals entering the eyes and mechanisms that relate
The other curve is a distractor. The target and distractor the incoming information to previous experience and curves come close at a location that will be called "criticurrent behavioral goals. When a novel image appears, cal zone" (green circle in Figure 1A ). At the critical zone, sensory information is rapidly distributed across the the curves can intersect each other or stay separate, many areas of the visual cortex. High-level visual areas and the difficulty of this distinction varies among stimuli and even frontal areas, which are separated from the ( Figure 1B) . Thus, on a percentage of trials, the monkeys retina by many synapses, are activated within 100 ms will misinterpret nonintersections as intersections or (Funahashi et al., 1990; Oram and Perrett, 1992 ; Lamme vice versa. and . However, the activation of these Previous results showed that neuronal responses in areas does not imply that the interpretation of the image the primary visual cortex to a traced curve are enhanced is complete. Perceptual processing may continue for relative to responses to distracting curves (Roelfsema several hundreds of milliseconds if the judgement is et al., 1998). Thus, if the stimulus is interpreted correctly, difficult or if the task all segments of the traced curve appear to be "labeled" requires shifts of visual attention (e.g., Treisman and by an enhanced neuronal response (indicated in yellow Gelade, 1980; Jolicoeur et al., 1986) .
in Figure 1C ). The enhancement of responses to the A number of elegant studies investigated how the traced curve occurs while the monkey maintains fixation interpretation of a visual stimulus is formed in various at the fixation point and provides a correlate of visual cortical areas of monkeys performing a motion discrimiattention that is directed to this curve (Scholte et al., nation task (Newsome et al., 1989; Celebrini and New-2001) . It is unknown, however, whether the enhancesome, 1994; Britten et al., 1996; Shadlen and Newsome, ment of neuronal responses depends on the monkey's 1996; Kim and Shadlen, 1999) . The sensitivity of neurons interpretation. The critical question is whether neuronal in motion-sensitive areas, such as the middle temporal responses in area V1 distinguish between trials that are visual area (area MT) and the medial superior temporal completed successfully and trials on which an error is area (area MST), to stimulus motion is comparable to made (red arrows in Figure 1D ). One possibility is that the monkey's sensitivity, if assessed behaviorally (Newthe process labeling the target curve is autonomous and some et al., 1989; Celebrini and Newsome, 1994). Howindependent of the interpretation ( Figure 1D , model 1). ever, if a monkey has to interpret an ambiguous motion In such a model, correlates of an erroneous decision are only expected in downstream "decision areas." The alternative is that area V1 reflects the erroneous interpre- In model 1, the response enhancement is similar to that on correct trials, because it is caused by an autonomous process that is independent of the interpretation. In model 2, the pattern of response enhancements is modified by the erroneous interpretation. Note that the two models only differ in their prediction for neurons with a receptive field on the distal curve segment (eccentric to the critical zone).
tation. On error trials, the monkey might attend to the made if the target and distractor curve were separated by a gap of 0.6Њ. However, when the distance between wrong distal curve segment, which is eccentric to the critical zone. This should be associated with an enthe curves was reduced to 0.2Њ, the monkey made errors on a percentage of trials, as if the configuration was hancement of neuronal responses to the wrong curve ( Figure 1D, model 2) . Responses to the proximal segmisinterpreted as an intersection (red arrows). Similarly, few errors were made if the two curves intersected each ments (proximal to the critical zone) should stay the same, however, even if the monkey makes an error.
other at an angle of 90Њ, but, if this angle was reduced to 20Њ, the monkey occasionally interpreted the configuThese segments are correctly assigned to the target or distractor curve, because they are considered before ration as a nonintersection (Figure 2A ). It was possible to induce such errors in all sessions, because the disthe monkey loses track of the target curve. tinction between intersections and nonintersections could be made arbitrarily difficult (see Experimental ProResults cedures). The location of the critical zone and the shape of the Psychophysical Performance The stimuli that were shown within a single recording curves differed somewhat between sessions, because the stimuli were adapted to the receptive fields of the session differed at two locations, since (1) the fixation point could be connected to either of the two curves, recorded neurons. The discrimination between intersections and nonintersections is expected to be more diffiand (2) the contour segments in the critical zone varied between stimuli (Figure 2A) . Stimuli with various configucult at larger retinal eccentricities, where visual acuity is poorer. Behavioral performance was therefore pooled rations at the critical zone were shown in a randomized order, but the location of the critical zone was kept across sessions with a similar eccentricity of the critical zone ( Figures 2B and 2C) . If the stimulus contained a constant within a recording session. The performance of the monkeys depended strongly on the difficulty of nonintersection, the monkeys started to make errors when the gap between the target and distractor curve the configuration at the critical zone. In the experiment illustrated in Figure 2A , for example, no errors were became smaller ( Figure 2B ). As expected, performance Figure 2C) . sphere of another monkey. We will first investigate how well the neuronal responses discriminate between tarThe decrease in performance for intersections was relatively moderate, however, and average performance for get and distractor curve at various levels of task difficulty. the most difficult intersections stayed above 80%. This reflects a bias of the monkeys to interpret ambiguous Figure 3 illustrates the responses of a group of V1 neurons that were recorded in the same session as the stimulus configurations as intersections rather than as nonintersections. Indeed, both monkeys systematically behavioral data of Figure 2A . The neurons' receptive field was always on the target curve for one of a pair of misinterpreted nonintersections with a very narrow gap (Ͻ0.15Њ) as intersections (data not shown), and these complementary stimuli and on the distractor curve for the other stimulus ( Figure 3A) . Figure 3B shows the neuconfigurations were avoided during the recording sessions.
ronal response on a number of single trials with the two complementary stimuli that had a gap of 0.6Њ at the Stimuli that are shown above each other in Figure 2A are called "complementary," because target and discritical zone. The later part of most of these single-trial responses was stronger when the receptive field fell on tractor curve are interchanged by switching the connection with the fixation point. The monkeys could, in princithe target curve than when it fell on the distractor curve. Figure 3C (left panel) shows that the average response ple, also make errors in deciding which of the two curves was connected to the fixation point. Such errors were to the target curve is indeed much stronger than the average response to the distractor curve if there was a rare, however, because performance for stimuli with the easiest nonintersection was 99.6%, and performance gap of 0.6Њ at the critical zone. Figure 3C also shows the average responses to stimuli with different configufor stimuli with the easiest intersection was 94.3%, across all sessions. This will prove to be important for rations at the critical zone, pooled across all trials (correct and incorrect trials; these will be separated below). the interpretation of the physiological data, because it implies that it was almost always clear to the monkeys Responses to the target curve were stronger than responses to the distractor curve at all levels of task diffiwhich of the two curve segments that were proximal to the critical zone belonged to the target curve.
culty. To measure how well the neurons discriminate The distribution of AUROCs shifts to the left for stimuli yielding poorer performance, and, if performance drops tor characteristic (AUROC) is a measure for the dependence of the neuronal response on stimulus identity. It below 65%, the average AUROC is reduced to 0.54, a value that just fails to differ significantly from 0.5 (n ϭ equals the probability that a response to the target curve on a randomly chosen trial is stronger than a response 38, p ϭ 0.053, sign test). Thus, attentional modulation of neuronal responses is weaker for curve segments to the distractor curve. If responses to the target curve are always stronger than responses to the distractor that are more difficult to assign to either the target or distractor curve. curve, the AUROC will be 1. If response strength is unrelated to stimulus identity, the AUROC will be 0.5, and Figure 4B shows how attentive response modulation of neurons with a receptive field on the segment that AUROCs smaller than 0.5 indicate that responses to the distractor curve are strongest. In the example of Figure was proximal to the critical zone depends on task difficulty. The AUROC distribution also shifts to the left when 3, the easy nonintersection (0.6Њ gap) yielded an AUROC of 0.89, but the AUROC was reduced to 0.59 for the the discrimination becomes more difficult ( ϭ 0.17, p Ͻ 0.05). However, an analysis of covariance indicates that more difficult configuration (0.2Њ gap). Thus, differences in response magnitude were largest for the stimuli that this correlation between AUROC and task difficulty is significantly weaker than the respective correlation for were easy to discriminate. neous responses should result in a stronger response, and the choice probability was defined accordingly (see Thus, when the discrimination is difficult, attentive response modulation is maintained for curve segments Experimental Procedures). Indeed, stimulus 2 evoked strongest responses on error trials (p Ͻ 10 Ϫ6 ; U test), proximal to the critical zone, but it is largely lost for the curve segments distal to it. Note that if the configuration and the respective choice probability was 0.87 ( Figures  5D-5F ). at the critical zone was difficult, it was presumably clear to the monkeys which proximal segment belonged to A second comparison isolates the dependence of the neuronal response on stimulus identity. Responses on the target curve, but they may have lost track of it at the critical zone (as discussed above).
"error" trials with stimulus 1 (T-err in Figure 5A ) were compared to responses on "correct" trials with the complementary stimulus (D-cor). These two types of trials
Effects of Errors on Neuronal Responses in Area V1
ended with a similar eye movement, although compleNeuronal responses may depend on the stimulus as mentary stimuli had been presented. The area under well as on the monkey's interpretation. In the previous the respective receiver operator characteristic is called analysis, responses were pooled across correct and "S-AUROC," because it isolates stimulus-related efincorrect trials. The reduced difference between refects. The S-AUROC is larger than 0.5 when responses sponses to complementary stimuli that were difficult to to the target curve are stronger than responses to the discriminate may therefore reflect a mixture of trials that distractor curve. The S-AUROC for error trials with stimyielded different interpretations of the same stimulus. ulus 1 (T-err versus D-cor) was 0.51. A similar computaThe influence of stimulus and behavioral response can tion yielded the S-AUROC for stimulus 2 (D-err versus be disentangled in an error analysis. Figure 5 shows the T-cor), which was 0.50 ( Figure 5F ). Thus, hardly any results of such an error analysis for a V1 recording site information regarding stimulus identity remained at this with a receptive field on the distal segment (eccentric recording site when the perceptual decision was facto the critical zone). A first comparison isolates the relatored out. tionship between neuronal response magnitude and the Different results were obtained in the error analysis monkey's interpretation. Figure 5B shows the neuronal for recording sites with a receptive field on the contour responses on individual trials with the receptive field segment proximal to the critical zone. An example is on the target curve (stimulus 1 in Figure 5A ) that were illustrated in Figure 6 . On correct trials, the response to completed correctly (T-cor) or erroneously (T-err). The the target curve was stronger than the response to the response on correct trials tends to be stronger. Indeed, distractor curve ( Figures 6C and 6D ) (T-cor versus D-cor, the average response to the target curve was also signifp Ͻ 10 Ϫ6 ; U test). The error analysis was only applied icantly stronger on correct trials than on incorrect trials to stimulus configurations that yielded a sufficient num-(p Ͻ 10 Ϫ6 ; U test) ( Figures 5C and 5E T-err, p Ͼ 0.5; U test) and remained significantly stronger The distribution of choice probabilities and S-AUROCs is also shown in Figure 7A (left panel). The average than the response to the distractor curve on correct trials (T-err versus D-cor, p Ͻ 10 Ϫ6 ; U test) (Figures 6C choice probability was 0.52, which does not differ significantly from 0.5 (p ϭ 0.08, sign test), and indicates that and 6D). Consequently, the S-AUROC at this recording site was relatively high (0.94), and the choice probability the monkey's choice hardly influences the neuronal responses. Moreover, responses to the target curve on was small (0.45) ( Figure 6B) . Thus, the response at this recording site was mainly determined by stimulus idenerror trials were stronger than responses to the distractor curve on correct trials with the complementary tity and hardly changed by the monkey's errors. Note, however, that in this case the receptive field was on stimulus (dashed curve in Figure 7A ). This difference reflects the S-AUROC, which was 0.68, on average, a a contour segment proximal to the critical zone. The monkey presumably correctly assigned such segments value that is significantly larger than 0.5 (p Ͻ 10 Ϫ5 , sign test), and also larger than the average choice probability to the target or distractor curve, even in trials in which errors were made.
(p Ͻ 10 Ϫ4 , U test). Thus, here the difference in response between complementary stimuli (dashed and continuThe difference between results for recording sites with a receptive field proximal and distal to the critical zone ous black curves) is mainly due to the difference in stimulus identity. The proximal curve segments are conis also reflected at the population level. Figure 7 shows the results of the error analysis across all V1 recording sidered before the monkey loses track of the target curve, which explains why the neuronal responses to sites that exhibited attentive response modulation and yielded a sufficient number of error trials (see Experithese segments are not influenced by the monkey's choice. mental Procedures for inclusion criteria). Four cases can be distinguished: the receptive field can be either If the receptive field was on the distractor curve and proximal to the critical zone, the response was also proximal or distal to the critical zone and on the target or distractor curve (see inset). If the receptive field was mainly determined by stimulus identity ( Figure 7B ). The average S-AUROC was 0.65, which is significantly larger on the target curve and proximal to the critical zone, responses on correct and error trials were similar (black than 0.5 (p Ͻ 10 Ϫ6 , sign test). The choice probability (0.54 on average) did not deviate significantly from 0.5 and red continuous curves in Figure 7A, right panel) . (p ϭ 0.07, sign test). Moreover, the S-AUROC was signifishown in Figure 7C ( Figure 7B) complementary stimulus, the receptive field fell on the distractor curve, and the population response was still but is clearly weaker than the response to the target curve on trials with the complementary stimulus (dashed weaker (dashed curve). This additional reduction in response magnitude reflects the S-AUROC (distance becurve).
right panel). The response to the target curve is stronger on correct trials (black continucantly larger than the choice probability (U test, p Ͻ 0.001). Indeed, the population response to the distractor ous curve) than on error trials (red curve). This reflects the difference in interpretation. On correct trials with the curve on error trials (red curve) resembles the response on correct trials (continuous black curve in
Population responses of neurons with a receptive field tween red and dashed curve). Thus, here the error analysis subdivides the total modulation (distance between on the target curve and distal to the critical zone are black continuous and dashed curve) into two compoDiscussion nents that are about equally strong: a difference in interDuring curve tracing, segments of the target curve are pretation (yellow area, choice probability) and a differlabeled by an enhanced neuronal response. Eventually, ence in stimulus identity (white area, S-AUROC). The this label spreads across the entire target curve and average choice probability was 0.63, and the S-AUROC thereby identifies the correct target for an eye movement was 0.61, and both values were significantly larger than (Roelfsema et al., 1998) . The present data indicate that 0.5 (p Ͻ 10 Ϫ4 , sign test). The average choice probability this labeling process is not autonomous but that it rather did not differ significantly from the S-AUROC (p Ͼ 0.05, reflects the monkey's interpretation ( Figure 1D , model U test), confirming that the influence of stimulus and 2). Errors during curve tracing are reflected by V1 neuinterpretation were about equally strong.
rons that have their receptive field on curve segments If the receptive field was on the distractor curve and that are distal to the location where the error is made distal to the critical zone, the response on error trials (critical zone). On error trials, responses to segments was much larger than the response on correct trials of the target curve distal to the critical zone are not ( Figure 7D ). The response on these error trials was alenhanced, whereas responses to the distractor curve most as strong as the response to the target curve on are (Figure 7) . The choice probability is a convenient trials with the complementary stimulus. Both choice measure to quantify how well neuronal responses distinprobability (p Ͻ 10 Ϫ6 , sign test) and S-AUROC (p Ͻ 0.001, guish between correct and error trials. Suppose that we sign test) were significantly larger than 0.5. However, would only be informed about the strength of a neuronal the average choice probability was larger than the response in area V1 on a single correct and a single S-AUROC (p Ͻ 10 Ϫ4 , U test), which indicates that the error trial. The choice probability equals our chance of magnitude of the responses to the distractor curve was correctly guessing which of the two trials was completed mainly determined by the monkey's interpretation.
successfully. Thus, the finding that choice probabilities for some V1 recording sites with a receptive field on the distal curve segment reach values higher than 0. (Figure 4) . Neurons responding to contour segwas distal to the critical zone, choice probabilities were ments distal to the critical zone exhibit weaker attenhigher than S-AUROCs (p Ͻ 0.01) (Figures 7C and 7D) , tional modulation if the stimulus configuration is difficult a trend that even became significant after stratification than when it is easy. In psychological terms, the monkey if the receptive field was on the target curve ( Figure 7C) .
readily directs attention to all segments of the target Thus, the present results are not due to differences in curve if this curve is easy to segregate, but, on difficult eye position between stimuli or between erroneously trials, attention spills over to the distractor curve. A number of previous studies have investigated the and correctly performed trials. We propose that the most important difference between the present study and these earlier studies is a is near threshold. If confronted with a weak signal, the monkey is more likely to choose for a particular motion difference in the involvement of visual attention. The version of the motion discrimination task that was used direction if neurons tuned to this direction happen to fire a bit stronger. In this motion discrimination task, the in these earlier studies does not induce strong attentional effects in motion-sensitive areas ( , 1997) . Moreover, receptive fields in area V1 are relatively small, and the rate enhancement high choice probabilities, although these segments were easy to trace ( Figure 5) . Apparently, the perceptual decican therefore be propagated at a high spatial resolution. Attentional modulation of activity in area V1 might allow sion at the critical zone is propagated to other neurons in area V1. This propagation implies that horizontal and this high spatial resolution information to enter into the decision process. The data indicate that area V1 indeed feedback connections are involved and is incompatible with purely feedforward models of decision making (e.g., reflects the interpretation at a high resolution, since V1 activity indicates the exact location where the animal Shadlen et al., 1996) .
A difference between the present and previous studloses track of the target curve on error trials. We suggest that such a high-resolution version of the actual interpreies is that a multiunit recording technique was em- for one of the stimulus configurations. Second, the neurons had to teflon-coated platinum-iridium wires per hemisphere) and posiexhibit a significantly (p Ͻ 0.025) stronger response to the target tioned 1-2 mm below the cortical surface. For detection of multiunit curve than to the distractor curve on correct trials with the same activity, signals were amplified, band-pass filtered (750-5000 Hz), configuration (e.g., T-cor and D-cor in Figure 5A ). It is important to full-wave rectified, and then low-pass filtered (Ͻ200 Hz) (Legatt et note that this selection criterion does not bias the sample in favor al., 1980). Recordings with a sufficient signal-to-noise ratio were of either sites with a high S-AUROC or high choice probability. obtained from about 50% of the wires (41 sites came from two
The computation of choice probability and S-AUROC depends on hemispheres of one monkey and 39 sites from one hemisphere of the whether the receptive field is on the target or distractor curve in the other monkey). For these recording sites, receptive field dimensions condition in which errors are made. If the receptive field is on the were measured by determining the onset and offset of the visual target curve (e.g., Figure 5C ), the choice probability is higher than response to a slowly moving light bar, for each of eight movement 0.5 if the response is stronger on correct trials than on error trials. directions (e.g., Kato et al., 1978; these borders are shown in Figures A choice probability below 0.5 indicates that the response is 3, 5, and 6). The median area of the receptive field was 0.6Њ 2 , (range stronger on error trials. In contrast, if the receptive field is on the 0.3Њ 2 to 4.2Њ 2 ). Receptive field eccentricity ranged from 1.0Њ to 5.8Њ distractor curve (e.g., Figure 5D ), a choice probability higher than with an average of 2.8Њ. Median orientation selectivity ratio (response 0.5 indicates that the response is strongest on error trials. The to optimally oriented bar divided by least effective) was 1.7 (mean S-AUROC is computed by comparing responses on the error trials 2.0, range 1.2 to 5.4).
to responses on correct trials with the complementary stimulus (interchange of target curve and distractor curve, see Figure 3A ), Behavioral Task which resulted in the same eye movement. The S-AUROC is larger The monkeys sat at a distance of 0.75 min from a monitor (resolution than 0.5 if the response to the target curve is stronger than the 1024 ϫ 768, frame rate 70 Hz). A trial was started as soon as the response to the distractor curve. For the computation of population monkey's eye position was within a 1Њ ϫ 1Њ (or 0.8Њ ϫ 0.8Њ) window responses (Figure 7) , responses on error trials were compared to centered on the fixation point (0.2Њ diameter). After an interval of responses on correct trials with the same stimulus (differences re-300 ms, the circular targets and curves appeared ( Figure 1A ), but flect choice probability) and to correct trials with the complementary the monkey had to maintain fixation. The circles and fixation point stimulus (differences reflect the S-AUROC). were red, and the curves were white (luminance 85 cd/m 2 ) on a A stratification procedure was used to exclude the possibility black background (luminance 1.5 cd/m 2 ). After an additional 600 that differences in neuronal responses between stimuli or between ms, the fixation point was extinguished, and the monkey made an behavioral choices were caused by systematic differences in eye eye movement to one of the red circles. Eye movements to the circle position during stimulus presentation (illustrated in Figure 2 of Roelfthat had been connected to the fixation point were rewarded with sema et al., 1998). As a first step, trials with microsaccades in a apple juice. Curves were composed of a number of third-order polywindow from 100 to 540 ms after stimulus onset were removed from nomials (bé zier curves) that had equal derivatives at the points where analysis. Then, the distribution of eye positions (using a resolution they were joined end to end (enforcing smoothness). A critical zone of 0.2Њ ϫ 0.2Њ) was computed for the remaining trials in each of the was constructed in such a way that errors could always be induced.
conditions. The data were stratified by removing trials from analysis A nonintersection could be gradually transformed into an intersecuntil the distributions of eye positions were identical (within the tion, under the control of a single parameter (gap size for noninter-0.2Њ ϫ 0.2Њ resolution) for the conditions that were compared. Neusections, and angle for intersections). This transformation only ronal responses were recomputed at each recording site in the changed the shape of contour segments within the critical zone reduced data set, and the population analysis was repeated. (green circle in Figure 1A ). All stimulus configurations were randomly interleaved in a recording session, and complementary stimuli that are defined by interchanging the target and distractor curve ( Figure 
